Abstract: Filopodia are dynamic membrane protrusions driven by polymerization of an actin filament core, mediated by formin molecules at the filopodia tips. Filopodia can adhere to the extracellular matrix and experience both external and cell generated pulling forces. The role of such forces in filopodia adhesion is however insufficiently understood. Here, we induced sustained growth of filopodia by applying pulling force to their tips via attached fibronectin-coated beads trapped by optical tweezers. Strikingly, pharmacological inhibition or knockdown of myosin IIA, which localized to the base of filopodia, resulted in weakening of filopodia adherence strength.
Inhibition of formins, which caused detachment of actin filaments from formin molecules, produced similar effect. Thus, myosin IIA-generated centripetal force transmitted to the filopodia tips through interactions between formins and actin filaments is required for filopodia adhesion. Force-dependent adhesion led to preferential attachment of filopodia to rigid versus fluid substrates, which may underlie cell orientation and polarization.
Filopodia are ubiquitous cell extensions involved in cell motility, exploration of the microenvironment and adhesion 1, 2 . These finger-like membrane protrusions help cells to determine the direction of movement 3 , establish contacts with other cells 4, 5 and capture inert particles or living objects (bacteria), which cells subsequently engulf [6] [7] [8] [9] . Filopodia are involved in numerous processes of embryonic development, as well as in cell migration in adult organisms. Moreover, augmented filopodia activity is a hallmark of tumor cells, which use them in the processes of invasion and metastasis 1 .
The main element of filopodia is the actin core, which consists of parallel actin filaments with barbed ends oriented towards the tip, and pointed ends toward the cell body 1, 2, 10 . Actin filaments are connected to each other by several types of crosslinking proteins [11] [12] [13] [14] . The filopodia grow via actin polymerization at the tip, in a process driven by formin family proteins such as mDia2 [15] [16] [17] , FMNL2 & 3 [18] [19] [20] , as well as by actin elongation protein Ena/VASP 15, 21, 22 . In addition to proteins that crosslink and polymerize actin, filopodia also contain actin based molecular motors, such as myosin X localized to the tip of the filopodia. Although the function of myosin X is unclear, it is known to be required for filopodia growth, and its overexpression promotes filopodia formation 23, 24 .
Adhesion of the filopodia to the extracellular matrix (ECM) is mediated by the integrin family of receptors (e.g. α v β 3 ) 25, 26 , which are localized to the tip area. One possible function of myosin X is the delivery of integrins to this location 25 . In addition to integrins, filopodia tips have been shown to contain other proteins involved in integrin mediated adhesion, such as talin and RIAM 27 . Several studies suggest that typical cell matrix adhesions, known as focal adhesions, could in some cases originate from filopodia 28, 29 . Thus, filopodia could be considered primary minimal cell matrix adhesion structures.
The hallmark of integrin mediated adhesions of focal adhesion type is their mechanosensitivity [30] [31] [32] . They grow in response to pulling forces applied to them, either by the actomyosin cytoskeleton, or exogenously by micromanipulations and may play a role in matrix rigidity sensing. Indeed, correlation between focal adhesion size and matrix rigidity is well documented [33] [34] [35] . Filopodia also may participate in matrix rigidity sensing. For example, it was demonstrated that cell durotaxis, a preferential cell movement along a gradient of substrate rigidity is mediated by filopodia 36 . However, force dependence of filopodia adhesion has not yet been explored.
In the present study, we monitored filopodia adhesion and growth under conditions of pulling with a constant rate. We have demonstrated that adhesion of filopodia to the ECM strongly depends on myosin II activity and found myosin II filaments localized to the base of filopodium. Moreover, formin family protein activity at the filopodia tips is also required for filopodia adhesions, most probably through a role in the transmission of force through the actin core, from the filopodium base to the filopodium tip. Thus, filopodia are elementary units demonstrating adhesion dependent mechanosensitivity.
RESULTS

Dynamics of filopodia induced by expression of myosin X in HeLa-JW cells
Transfection of HeLa-JW cells with either GFP-myosin X or mApple-myosin X resulted in a strong enhancement of filopodia formation in agreement with previous studies 37 . During filopodia movement, myosin X was concentrated at the filopodia tips, forming characteristic patches sometimes also called "puncta" or "comet tails"
(fig. S1A, movie S1). Here, we focused on filopodia originating from stable cell edges and extending along the fibronectin-coated substrate. These filopodia demonstrated apparent dynamic instability, where periods of persistent growth, with an average velocity of 67 ± 6 nm/s (mean ± SEM, n = 89), were interrupted by pauses and periods of shrinking with an average velocity of 28 ± 3 nm/s (mean ± SEM, n = 100).
This behavior is consistent with previously published results 38 . In addition to myosin X, the filopodia tips were also enriched in several other proteins such as mDia2,
VASP and talin (fig. S1B).
To observe the dynamics of filopodia adhesion and protrusion under controlled experimental conditions, we monitored the growth of filopodia that were adhered to fibronectin-coated beads trapped by optical tweezers. First, 2µm diameter fibronectincoated polystyrene beads were placed onto filopodia tips by the optical tweezers.
After 20-30 s, which is required for the initial attachment of the bead to the filopodium, the movement of microscope piezo stage, in the direction from the tip to base of filopodium, was initiated ( Fig. 1 , movie S2). The force exerted by filopodium on the bead was monitored by measuring the bead displacement from the center of the trap (∆x). In order to preserve the structural integrity of the filopodia, the velocity of the stage movement was set to approximately 10-20nm/s, which is slower than the average velocity of spontaneous filopodia growth. With this setup we observed sustained filopodia growth for more than 10 mins, during which time the tdTomatoFtractin labelled actin core remained intact (Fig. 1B) . Pulling-induced filopodia growth depended on integrin mediated adhesion of filopodia tips to fibronectin-coated beads. When the beads were coated with concanavalin A instead of fibronectin, application of force usually resulted in the formation of membrane tethers, rather than growth of the filopodia (movie S3).
During the first 3 mins after stage movement commenced, the exerted force approached the maximal value of 3-5 pN. However, it then dropped to the 1.5-2pN range, and remained at this level for a further 1-3 mins, after which it rapidly increased again (Fig. 1C) . In a typical experiment, we detected ~ 5 such peaks with a mean peak force value of 3pN alternating with the 1-3 min periods of lower force (1.5-2pN).
Immediately after attachment of the bead to the filopodium tip, the myosin X patch, or a significant portion that pinched off the main myosin X mass, started to move centripetally with an approximate velocity of 31 ± 5 nm/s (mean ± SEM, n = 42) ( fig.   S2A ). Experiments where myosin X and VASP were co-expressed revealed that the 
Effects of myosin II inhibition
Expression of GFP labeled myosin light chain in HeLa-JW cells showed that myosin II does not localize to the filopodia tips or shafts, but is often located at the proximal ends of the filopodia ( Fig. 2A) . Structure illumination microscopy (SIM) revealed few myosin II mini-filaments either side of the filopodium base. We further studied how the presence and activity of myosin II affects unconstrained and force-induced filopodia growth. 
Interaction between actin filaments and formins is required for filopodia adhesion and myosin X localization
In myosin X-induced filopodia, the formin mDia2 is localized to the filopodia tip, and overlaps with myosin X patches (fig. S1B). Small molecular inhibitor of formin homology domain 2 (SMIFH2) 43 was used to investigate the role of formins in attachment of filopodia to fibronectin-coated beads. We found that in SMIFH2
(40µM, 1hour) treated cells, adhesion of filopodia to the beads was impaired in a similar way to the adhesion of filopodia in myosin II inhibited/depleted cells. The duration of contact between the filopodia and the bead was significantly shorter, and the maximal force exerted by filopodia to the bead was significantly weaker than in control cells ( 
Effect of myosin II and formin inhibition on the growth of unconstrained filopodia
In addition to the studies of filopodia growing in response to pulling forces, we examined the effects of myosin II and formin inhibition on the dynamics of free, unconstrained filopodia (Fig. 5 inset) . We found that knockdown of myosin IIA and cell treatment with Y27632 or S-nitro-blebbistatin efficiently blocked growth and retraction of unconstrained filopodia, resulting in suppression of filopodia dynamics.
In untreated myosin X expressing cells, the fraction of filopodia in the "pause" state (with the growth rate between -15 and +15nm/s) was 13% (n = 194). At the same time, fractions of the "pausing" filopodia were 90% (n = 41), 80% (n = 83) and 55%
(n = 42) for myosin IIA knockdown, S-nitro-blebbistatin-treated and Y27632-treated cells, respectively (Fig. 5) . Similarly, the fraction of "pausing" filopodia in cells treated with the formin inhibitor SMIFH2 was 75% (n = 44) (Fig. 5B ).
DISCUSSION
In this study, we have shown that filopodia adhesion to the ECM is a force dependent process. This conclusion is based on experiments in which sustained growth of filopodia was maintained by the application of pulling force at the interface between a fibronectin-coated bead, and the tip of a filopodia. With this setup, inhibition of myosin II filament formation or myosin II ATPase activity resulted in suppression of filopodia adhesion to fibronectin-coated bead. Our experiments were performed on filopodia induced by over-expressing myosin X and, therefore, our conclusions are, strictly speaking, only valid for this class of filopodia. However, myosin X has been shown to be a universal component of filopodia 23 , so employment of such an experimental system does not restrict the generality of our finding.
Since myosin II is located at the bases of filopodia ( Fig. 2A-B) , a question requiring clarification is how the pulling force is transmitted to the tips of the filopodia involved in adhesion. Our data are consistent with the idea that filaments of the actin core transmit the force generated through their interaction with myosin II to the filopodium tip. We have shown that formin inhibition by SMIFH2 suppresses filopodia adhesion to the beads in the same manner as inhibition of myosin II.
Moreover, we demonstrated that SMIFH2 treatment led to a rapid, myosin II- To check whether adhesion and growth of filopodia require the pulling force, we compared behavior of unconstrained filopodia on rigid substrate with that on fluid supported lipid bilayer (SLB) where the traction forces cannot develop 45 . To this end,
we created a composite substrate on which rigid surface was covered by orderly patterned small islands (D = 3µm) of SLB. Both rigid and fluid areas were coated with integrin ligand RGD peptide with the same density ( fig. S8 ). We found that dynamics of filopodia extended over rigid regions of this substrate was similar to that of filopodia growing on rigid fibronectin-coated substrate used in previous experiments. At the same time, filopodia that encountered the SLB islands could not attach properly and as a result spent over such substrate significantly shorter time than over rigid area of the same geometry (Fig. 6A, B) . Accordingly, the average density of filopodia tips remaining inside the SLB islands during period of observation (> 10min) was lower than that on the rigid substrate (Fig. 6C) consistent with pulling forces generated by filopodium as measured in our experiments. The myosin II-driven force is transmitted to the filopodium tip via actin core associated with formin molecules at the tip. Such force appears to be sufficient to overcome the actin filament crosslinking inside the core, which can explain the fast retrograde translocation of some of core filaments (together with associated myosin X and VASP) upon treatment with formin inhibitor that detaches the actin filaments from formin.
Force-dependent growth of filopodia is an integrin-dependent process and was not observed in experiments with integrin-independent adhesion of filopodia to beads coated by concanavalin A. A major link between integrin and actin filaments, talin, has been detected at the filopodia tips in this and other publications 27 . It was established that force-driven unfolding of talin facilitates interaction of talin with another adhesion complex component, vinculin, resulting in reinforcement of the association between talin and actin filaments [49] [50] [51] . Applicability of this mechanism to filopodia adhesion reinforcement requires additional studies. While vinculin was detected in some filopodia 52 , a RIAM protein that compete with vinculin for talinbinding in a force-dependent manner 27, 53 may also be involved. RIAM binds Ena/VASP and profilin 54 and could recruit these actin polymerization-promoting proteins to the filopodia tips.
Another mechanism of myosin II-dependence of filopodia adhesion and growth might involve formin-driven actin polymerization known to be a major factor in filopodia extension [15] [16] [17] [18] [19] [20] . Recent studies demonstrate that formin-driven actin polymerization can be enhanced by pulling forces [55] [56] [57] [58] . Thus, myosin II-generated force transmitted via actin core to formins at the filopodium tip can stimulate actin polymerization, promoting filopodia growth. Polymerization of actin could also be important for recruitment of new adhesion components to the filopodia tips and adhesion reinforcement 59 .
Filopodia adhesion is tightly associated with filopodia growth and shrinking. In our experiments, inhibition of myosin II and formins not only suppressed filopodia adhesion but also resulted in reduction of motility of filopodia along the substrate.
During pulling-induced growth of bead-attached filopodia, periods of filopodia elongation alternate with periods of growth cessation accompanied by increase of the pulling force. Thus, force developed during growth cessation may trigger the subsequent filopodia growth. Similarly, the growth of unconstrained filopodia along rigid substrate can proceed via periods of attachment, development of force, and consequent filopodia elongation 38 . Inhibition of force generation or transmission suppresses such dynamics.
Our finding that filopodia adhesion and growth is force-dependent explains how filopodia could respond differently to substrates of varying stiffness. On a stiff substrate, the force generated by myosin II and applied to the adhesion complex will develop faster than on a compliant substrate 60 . Accordingly, filopodia adhesion should be more efficient on stiff substrates than on compliant substrates. Moreover, integrin ligands associated with a substrate, which does not allow the development of pulling force, cannot fully support filopodia adhesion and growth. Indeed, we showed that the contacts of filopodia with RGD ligands associated with fluid membrane bilayer were shorter and less stable than with the areas of rigid substrate covered with RGD of the same density. These considerations can explain involvement of filopodia in the phenomenon of durotaxis 36 , a preferential cell movement towards stiffer substrates 61 . This may provide a mechanism to rectify directional cell migration.
Orientation based on filopodia adhesion is characteristic for several cell types, in particular for nerve cells. The growth cones of most neurites produce numerous filopodia, and the adhesion of these filopodia can determine the direction of neurite growth 62, 63 . Interestingly, the filopodial-mediated traction force in growth cones is myosin II-dependent 64 and application of external force can regulate the direction of growth cone advance 65 . The results from these experiments can now be explained by preferential adhesion/growth of filopodia, which experience larger force. relatively to the total number of trajectories in the circles during the period of observation. Error bars correspond to the SEM.
